 A radio propagation model, also known as the radio frequency propagation model, is an empirical 
1 m    and the mean excess delay  is given as 1 
. It is obvious that the RMS delay is the same as the mean excess delay in this case (i.e., 1 2
. In other words, the delay of the second path is the only parameter that determines the characteristics of this particular model. However, it might not be accurate, simply because a magnitude of the second path is usually much less than that of the first path in practice. This model may be acceptable only when there is a significant loss in the first path. In the exponential model, the average channel power decreases exponentially with the channel delay as follows:
 is the only parameter that determines the power delay profile (PDP). Figure 2 .1 illustrates a typical PDP of the exponential model. This model is known to be more appropriate for an indoor channel environment. The mean excess delay and RMS delay spread turn out to be equal to each other, that is, B. IEEE 802. 11 Channel Model IEEE 802.11b Task Group has adopted the exponential model to represent a 2.4 GHz indoor channel [23] . Its PDP follows the exponential model as shown in Section 2. A channel impulse response can be represented by the output of finite impulse response (FIR) filter. Here, each channel tap is modeled by an independent complex Gaussian random variable with its average power that follows the exponential PDP [4] , while taking the time index of each channel tap by the integer multiples of sampling periods. In other words, the maximum number of paths is determined by the RMS delay spread st and sampling period Ts as follows:
Assuming that the power of the pth channel tap has the mean of 0 and variance of 2 / 2 p  , its impulse response is given as 1 2 max . , 0,......,
where Z1 and Z2 are statistically independent and identical Gaussian random variables, each with
As opposed to the exponential model in which the maximum excess delay is computed by a path of the least non-negligible power level, the maximum excess delay in IEEE802.11 channel model is fixed to 10 times the RMS delay spread. In this case, the power of each channel tap is given as
 is the power of the first tap, which is determined so as to make the average received power equal to one, yielding
In the IEEE 802.11 channel model, a sampling period Ts must be at least as small as 1/4. Figure 2 .2 shows the average channel power and channel frequency response for the IEEE 802.11 channel model. Since the RMS delay spread is relatively small in this example, the power variation in the frequency domain is within at most 15dB, which implies that frequency selectivity is not that significant [22] . 
C. Saleh-Valenzuela (S-V) Channel Model
It has been verified by intense measurements of the indoor channel that arrivals of the multipathdelayed components can bemodeled as a Poisson process. More specifically, Saleh and Valenzuela have proposed a new channel model (referred to as S-V channel model) after finding from the indoor channel measurements that there are multiple clusters, eachwithmultiple rays, in the delay profile [24] . The S-V channel model with multiple clusters, each of which is associated with a set of rays. The arrival times of each cluster as well as rays in each cluster follow an individual Poisson process. Therefore, the delay of each path is not spaced in the multiple of sampling periods, but spaced in a rather arbitrary manner [24] . More specifically, the arrival time of the first ray in the mth cluster, denoted by m T , is modeled by a Poisson process with an average arrival rate of  while the arrival times of rays in each cluster is modeled by a Poisson process with an average arrival rate of  . Then, it can be shown that a distribution of inter-cluster arrival times and a distribution of inter-ray arrival times are given by the following exponential distributions, respectively [25] : where  and  denote time constants for exponential power attenuation in the cluster and ray, respectively, while 2 0,0  denotes the average power of the first ray in the first cluster [21] . the S-V channelmodel is a double exponential delay model in which average cluster power decays exponentially by following a term in Equation (2.14) . Once the average power of the first ray in the first cluster, 2 0,0  , is given, the average power of the rest of rays can be determined by Equation (2.14) , which subsequently allows for determining the Rayleigh channel coefficients by Equation (2.13) . In case that a path loss is not taken into account, without loss of generality, the average power of the first ray in the first cluster is set to one. Even if there are an infinite number of clusters and rays in the channel impulse response of Equation (2.12), there exist only a finite number of the non-negligible numbers of clusters and rays in practice. Therefore, we limit the number of clusters and rays to M and R, respectively. Meanwhile, a log-normal random variable X, that is,     in the mth cluster are generated in such a way that each of them has an exponential distribution of Equation (2.10) and Equation (2.11), respectively. Figure 2 .3 shows the channel impulse response of theS-V channel. Figure 2. 3, showing the channel power distribution, is obtained by simulating 1,000 channels, from which it is clear that the channel power follows a log-normal distribution [20] .
D. UWB Channel Model
According to measurements of broadband indoor channel, it has been found that amplitudes of multipath fading follow the lognormal or Nakagami distribution rather than the Rayleigh distribution, even if they also show the same phenomenon of clustering as in the Saleh-Valenzuela (S-V) channel model. Based on these results, SG3a UWB multipath model has been proposed by modifying the S-V model in such a way that the multi-cluster signals are subject to independent log-normal fading while the multipath signals in each cluster are also subject to independent log-normal fading [25] . The ith sample function of a discrete-time impulse response in the UWB multi-path channel model is given as
, ,  in the mth cluster. Note that independent fading is assumed for clusters and rays. In Equation (2.17), , r m p is a binary discrete random variable to represent an arbitrary inversion of the pulse subject to reflection, that is, taking a value of +1 or -1 equally likely. As compared to the channel coefficients of the S-V channel model in Equation (2.12) which has a uniformlydistributed phase over   0,2 , those of UWB channel model have the phase of either  or  , making the channel coefficient always real [14] . Furthermore, we note that amplitude of each ray is given by a product of the independent log-normal random variables, m  and , r m  . Since a product of the independent log-normal random variables is also a log-normal random variable, a distribution of the channel coefficient Table 2 .1, to convert the continuoustime UWB channel into the corresponding discrete-time one, and to generate a UWB channel model, respectively. It shows the UWB channel characteristics by simulating 100 CM1 channels. Here, the sampling period has been set to 167 ps. In the current measurement, the RMS delay spread turns out to be around 5 ns, which nearly coincides with the target value of CM1 channel in Table 2 .1. The same observation is made for the mean excess delay [24] .
III. OUTDOOR CHANNEL MODELS
As opposed to the static or quasi-static nature of the indoor channel, outdoor channels are typically characterized by time variation of the channel gain, which is subject to the mobile speed of terminals. Depending on the mobile speed, time variation of channel gain is governed by Doppler spectrum, which determines the time-domain correlation in the channel gain. In this subsection, we discuss how to model the time-correlated channel variation as the mobile terminal moves. Furthermore, we present some practical methods of implementing the outdoor channel models for both frequency-flat and frequency-selective channels.
A. FWGN Model
The outdoor channel will be mostly characterized by Doppler spectrum that governs the time variation in the channel gain. Various types of Doppler spectrum can be realized by a filtered white Gaussian noise (FWGN) model. The FWGN model is one of the most popular outdoor channel models. The Clarke/Gans model is a baseline FWGN model that can be modified into various other types, depending on how a Doppler filter is implemented in the time domain or frequency domain.We first discuss the Clarke/Gans model and then, its frequency-domain and time-domain variants.
1) Clarke/Gans Model:
The Clarke/Gans model has been devised under the assumption that scattering components around a mobile station are uniformly distributed with an equal power for each component [26] . Figure 3 .1 shows a block diagram for the Clarke/Gans model, in which there are two branches, one for a real part and the other for an imaginary part. In each branch, a complex Gaussian noise is first generated in the frequency domain and then, filtered by a Doppler filter such that a frequency Constructing a complex channel gain by adding a real part to an imaginary part of the output, a channel with the Rayleigh distributed-magnitude is generated. Figure 3 According to the reports on channel measurements, the different channel environments are subject to the different Doppler spectrumand furthermore, the maximum Doppler frequency as well as Doppler spectrum may vary for each path. [16] .
where s is the standard deviation of PAS, and f is the difference between direction of movement (DoM) and direction of arrival (DoA). Unlike the flat or classical Doppler spectrum model, the mobile direction can be accounted into the Laplacian Doppler spectrum.
Complex
Gaussian generator
Doppler filter

B. Jakes Model
ARayleigh fading channel subject to agivenDoppler spectrumcan begenerated bysynthesizing the complex sinusoids. The number of sinusoids to add must be large enough to approximate the Rayleigh amplitude [24] . The number of the Doppler-shifted sinusoids, N0, must be large enough to approximate the amplitude of the fading channel with a Rayleigh distribution. It has been known that 0 8 N  is large enough. Note that the following properties can be shown for Equation 
C. Ray-Based Channel Model
A ray-based model is frequently used in modeling a MIMO channel, since it can take a spatiotemporal correlation into account [26] . However, it can be also used for a SISO channel. Its fundamental principle is described in this subsection while its extension to the MIMO channel . As in the Jake's model, the ray-based model is given by a sum of the arriving plane waves. As shown in Figure  3 .8, it can model the plane waves incoming from an arbitrary direction around the mobile terminal, which can deal with the various scattering environments. In general, its power azimuth spectrum (PAS) is not uniform. Unlike the Jakes model, therefore, its Doppler spectrum is not given in the U-shape, but in various forms, depending on the scattering environments. A uniform power subray-based channel model can be generated to get an angle spacing for equal power Laplacian PAS in SCM(spatial channel model), to assign the AoA/AoD offset tomean AoA/AoD, to generate DoAs at BS/MS and a randomphase at BS, and to combine the phases of M subrays to generate complex channel coefficients for each path, respectively
D. SUI Channel Model
According to the IEEE 802.16d channel model , a suburban path loss environment has been classified into three different terrain types, depending on the tree density and path-loss condition. The SUI (Stanford University Interim) channel model deals with the same environment as in the IEEE 802.16d channel model. Using the different combinations of the channel parameters, it identifies six different channel models that can describe the typical three terrain types in North America [9, 10] .The details of the channel parameters for the different SUI models are summarized. Note that the different K-factors and st are set for the different antenna types, for example, directional or omni antennas [9, 10] .
Terrain type SUI channels
A SUI-5, SUI-6 B SUI-3, SUI-4 C SUI-1, SUI-2 IV. CONCLUSION In conclusion, it has been verified that the current channel model properly realizes the target channel characteristics. The contribution of this paper is an outdoor-to-indoor channel model fulfilling the requirements for simulations of mobile radio based positioning algorithms. The non-line-of-sight bias and the continuous evolution of multipath components with time are taken into account. A comparison of the channel model with the channel measurement data is performed by comparing statistics.
